In budding yeast, one-ended DNA double-strand breaks (DSBs) and damaged replication forks are repaired by break-induced replication (BIR), a homologous recombination pathway that requires the Pol32 subunit of DNA polymerase delta. DNA replication stress is prevalent in cancer, but BIR has not been characterized in mammals. In a cyclin E overexpression model of DNA replication stress, POLD3, the human ortholog of POL32, was required for cell cycle progression and processive DNA synthesis. Segmental genomic duplications induced by cyclin E overexpression were also dependent on POLD3, as were BIR-mediated recombination events captured with a specialized DSB repair assay. We propose that BIR repairs damaged replication forks in mammals, accounting for the high frequency of genomic duplications in human cancers.
A ctivated oncogenes induce collapse and/or breakage of DNA replication forks (damaged forks), leading to DNA replication stress and DNA double-strand breaks (DSBs) (1, 2) . To identify repair pathways for damaged forks, we performed a small interfering RNA (siRNA) screen monitoring DNA synthesis in a U2OS cell system, in which tetracycline withdrawal induces cyclin E overexpression and, subsequently, DNA replication stress (3, 4) . The siRNA library targeted 690 genes implicated in DNA metabolism, and the cells were cultured with or without tetracycline and also with or without hydroxyurea (HU) to compare the responses to damaged versus stalled forks (5) .
The screened genes were distributed into four clusters ( fig. S1 and table S1). The first clustercomprising genes important for DNA synthesis, specifically in cells overexpressing cyclin Eincluded POLD3, which encodes a subunit of DNA polymerase delta (6) , and homologous recombination genes (7) . The second cluster mediated the response to HU and included the BLM helicase and the ATR and CHK1 checkpoint genes (8, 9) . The third cluster included the genes whose depletion preferentially affected the cells that were exposed to HU while overexpressing cyclin E. However, no gene in this cluster had a strong phenotype. Finally, the last cluster encompassed the genes whose depletion did not affect the response to DNA replication stress.
From the identified hits, we pursued POLD3, whose budding yeast ortholog, POL32, is essential for break-induced replication (BIR) (10) (11) (12) ( fig. S2 ). We also examined POLD4, which encodes the fourth subunit of DNA polymerase delta (6) , because in fission yeast the orthologs of POLD3 and POLD4 are both nonessential (13) . Cells expressing normal or high levels of cyclin E were transfected with siRNA and, 3 days later, exposed to two thymidine-analog pulses (EdU and BrdU, respectively; 1 hour each, separated by 6 hours) to monitor cell cycle progression (Fig. 1A and fig. S3 ). As reported (14) , cyclin E overexpression enhanced the fraction of G 1 cells entering S phase during the 8-hour period (Fig.  1A and fig. S4 ). Depletion of POLD3 or POLD4 inhibited S phase entry in the cells overexpressing cyclin E but had no effect in cells expressing normal cyclin E levels ( Fig. 1A and fig. S5 ). In a similar assay, depletion of POLD3 or POLD4 had no effect on S phase entry of cells treated with HU or aphidicolin ( fig. S6 ). Because short-term exposure to HU or aphidicolin induces fork stalling, but not fork damage (15) , we conclude that the functions of POLD3 and POLD4 relate to damaged forks.
Depletion of POLD3 or POLD4 also inhibited growth of U2OS cells overexpressing cyclin E (P < 0.001), whereas growth of cells expressing normal cyclin E levels was unaffected (Fig. 1B  and fig. S7 ). Growth of SAOS2 osteosarcoma, HeLa cervical carcinoma, and MDA-MB157 breast carcinoma cells, all of which have DNA replication stress, was also inhibited after POLD4 depletion (P < 0.001 for all), whereas growth of nontransformed cells, such as BJ fibroblasts and MCF10A mammary epithelial cells, was unaffected (Fig. 1B) .
Next, we analyzed replication forks by DNA combing. In U2OS cells expressing normal cyclin E levels, most of the forks were ongoing (~60%), irrespective of POLD3 or POLD4 depletion. In cells overexpressing cyclin E, the fraction of ongoing forks was still higher (~45%) than the fraction of terminated forks (~28%). However, when POLD3 or POLD4 was depleted, the ongoing forks became a minority (~17%) and the terminated forks the majority (~47%), suggesting that POLD3 and POLD4 are important for fork processivity when cyclin E is overexpressed ( Fig. 2A) . As reported (16) , cyclin E overexpression reduced replication fork speeds (Fig. 2B and fig. S8 ). Depletion of POLD3 or POLD4 did not affect fork speeds in cells with normal cyclin E levels, but the forks traveling slower than 0.5 kb/min were preferentially targeted in cells overexpressing cyclin E (P < 0.005) (Fig. 2B) . Thus, slow forks may be different from fast forks.
In budding yeast, BIR repairs damaged replication forks and also one-ended DNA DSBs (11, 12) . To explore the role of POLD3 and POLD4 in DSB repair, various human cell lines transfected with siRNA were exposed to ionizing radiation, and 53BP1 and replication protein A (RPA) foci, surrogate markers for unrepaired DNA DSBs and DNA replication stress, respectively (17), were scored. Both types of foci persisted longer in the cells, in which POLD3 or POLD4 was depleted (Fig. 3A and fig. S9 ) (U2OS cells: P < 0.01 for 53BP1 foci at 16 hours and for RPA foci at 24 hours).
The role of POLD3 and POLD4 in DNA DSB repair was further examined using green fluorescent protein (GFP)-based reporters, in which DSBs were induced by the nuclease I-SceI. The reporters monitoring synthesis-dependent strand annealing (SDSA) and single-strand annealing (SSA) (18) were supplemented with a newly developed BIR reporter, in which the sequence homology was on only one side of the DSB, to prevent repair by SDSA, and the homologous GFP sequences were in opposite orientations, to prevent repair by SSA (Fig. 3B) . Repair of the I-SceI-induced DSB by BIR would start with invasion of the broken end into an uncut 
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homologous template (Fig. 3C, i) . Conservative replication initiated from the invading strand (19) would restore the GFP coding sequence (Fig. 3C, ii) . Then, the low processivity of DNA polymerase delta, which is the polymerase at the invading strand (20) , would lead to replication fork disengagement, and the newly created DNA end would be joined to the only other available free end, the one generated by I-SceI (Fig. 3C, iii) . The BIR reporter described above was stably integrated in U2OS cells, and DSBs were induced by expressing I-SceI. Sequencing of polymerase chain reaction products prepared using primers specific for GFP (primers P5GFP and P3GFP, respectively) (Fig. 3C) showed accurate recombination. Next, the predicted end-joininggenerated junctions were amplified using forward primers downstream of GFP (primers P5EJ1, P5EJ2 or P5EJ3) and a reverse primer downstream of the I-SceI cleavage site (primer P3EJ) (Fig. 3C) . The sequences of eight breakpoint junctions were consistent with stochastic dissociation of the BIRinitiated fork from the template and with variable resection at the I-SceI-induced break (Fig. 3C,  iii) . Microhomologies [2 to 4 base pairs (bps)] or small insertions were present in all breakpoint junctions ( fig. S10 ), suggesting repair of the free ends by microhomology-mediated end joining [(MMEJ), also known as backup-EJ or Alt-EJ], a Ku-independent break-repair mechanism (21). Thus, human cells can repair one-ended DNA DSBs by BIR.
Depletion of POLD3 suppressed DSB repair by BIR (P < 0.002) but did not affect repair by SDSA or SSA (Fig. 3D) , consistent with POLD3 playing a role in processive synthesis at the invading DNA strand, as shown for yeast and Drosophila POL32 (20, 22) . In contrast, depletion of POLD4 had no effect in any of the repair assays (Fig. 3D) . Both POLD3 and POLD4 contain proliferating cell nuclear antigen-binding motifs, and both enhance DNA polymerase delta processivity in vitro (6, 23) , but perhaps POLD4 is less active than POLD3. In our assay, DNA synthesis of as little as 1 kb conferred GFP expression (Fig. 3C ), but in Drosophila the effects of POL32 on extension of the invading strand are barely evident, when synthesis is limited to 1 kb (22) .
In budding yeast, POL32 is required for induction of tandem duplications under conditions of DNA replication stress, and these duplications were attributed to BIR or to microhomologyinduced replication, a BIR-related mechanism (24) . In fission yeast, duplications associated with fold-back inversions have also been attributed to BIR (25) . By array-based comparative genomic hybridization (CGH), overexpression of cyclin E in U2OS cells for 3 weeks induced copy-number alterations (CNAs) (Fig. 4A) (P < 0.05, number of CNAs for cyclin E overexpression versus normal expression). To examine the effect of depleting POLD3 or POLD4 on the spectrum of CNAs, we repeated the experiment, except that during the period of cyclin E overexpression, the cells were transfected every 3 days with siRNA. In single-cell clones isolated from cells transfected with control siRNA, amplifications (presumably, duplications) less than 200 kb in length accounted for a third of all CNAs (Fig.  4B and table S2 ). However, in clones isolated from POLD3-or POLD4-depleted cells, the frequency of such amplifications decreased by half (Fig. 4B) (P < 0.02, control versus POLD3 siRNA; P < 0.08, control versus POLD4 siRNA; P < 0.01, control versus POLD3 siRNA and POLD4 siRNA grouped together). In yeast, BIR can lead to DNA synthesis of~100 kb (26) . Thus, duplications of up to 200 kb in human cells may represent BIR events, whereas the larger amplifications and deletions may arise from other repair mechanisms, such as nonallelic homologous recombination.
Polymerase chain reaction primers designed using the CGH array data failed to amplify CNA breakpoint junctions. Thus, genomic DNA from two clones was subjected to high-throughput paired-end sequencing. In the first clone, derived from cells transfected with control siRNA, five junctions were identified (Fig. 4C and figs. S11 and S12), revealing two head-to-tail tandem duplications, one duplication associated with a fold-back inversion, and two simple deletions. Microhomologies were present in all breakpoint junctions. In the second clone, derived from cells transfected with POLD3 siRNA, two junctions were identified, revealing two head-to-tail tandem duplications, of which one had a microhomology junction and the other a 5-bp insertion (Fig. 4C  and fig. S12 ).
The most frequent type of CNA in breast and ovarian cancers, representing one third of all somatic rearrangements, is tandem head-to-tail duplications with microhomology junctions (27, 28) . Fold-back inversions are very common in pancreatic cancer (29) . Both types of CNAs were observed in U2OS cells overexpressing cyclin E, and their frequency decreased after depleting POLD3 or POLD4. Thus, BIR repair of damaged replication forks might explain the presence of segmental genomic duplications in human cancers ( fig. S13) . Notably, the POLD3 gene is frequently amplified in human cancers (30) , and its protein product is overexpressed in cancer cell lines ( fig. S14) . S ocial familiarization-the process of becoming familiar with an individual through visual or odor contact-affects mate preference in various species (1, 2) . For example, female mating preference for novel males over familiar males has been demonstrated in guppies (1-3), whereas mating preference for familiar males has been reported in some rodents, such as prairie voles (4) . The neural and molecular bases underlying how social familiarity affects mate preference, however, remain obscure. Here, we studied the effects of social familiarity on female mating preference and the underlying neural mechanisms in medaka fish (Oryzias latipes), a model animal used primarily in the field of molecular genetics (5) .
Mating behavior in medaka comprises several sequential steps, including male courtship display and synchronized mating (6, 7) ( fig. S1 ). If a female medaka is not receptive to male courtship, the female rejects the male by characteristic resistance behavior, and the rejected male begins to display courtship behavior again (7) . We assessed the degree of female receptivity for a male of interest by measuring the interval between the first male courtship behavior and the first mating (latency to mate). Shorter values of latency to mate correlate with higher female receptivity. We compared the latency to mate of two groups: Group 1 with visual familiarization (a pair of fish can see each other through a transparent wall) before being placed in the same tank for mating, and group 2 without visual familiarization (Fig.  1A and fig. S2b ). Visual familiarization significantly decreased the latency to mate (group 1), indicating that visual familiarization enhances female receptivity (Fig. 1B) . By contrast, familiarity had no effect on male mating activity ( fig.  S3 ). We then examined female preference for familiar males. In group 3, a female was familiarized with a male and then mated with an unfamiliar male instead of the familiarized male ( fig. S2b) . In group 4, mating partners were swapped between two pairs that had undergone visual familiarization ( fig. S2b) . The latencies to mate in groups 3 and 4 were similar to that in group 2 (Fig. 1B) , suggesting that the female could identify her mating partner. In group 5, a female was mated with an unfamiliar male that had been familiarized with another female. The lack of enhancement in group 5 (Fig. 1B and fig. S2b ) indicated that female receptivity was not enhanced for an unfamiliar male that had been visually familiarized with another female. Experiments with females in which both eyes had been removed showed that vision was required for female preference for a familiar male (Fig. 1C ).
During our search for possible genes involved in female mating preference in medaka, we found two mutants (cxcr7 and cxcr4) with defective mating behaviors in both sexes (Fig. 1, D and E,  and fig. S4 ). Both mutants exhibited normal mobility, visual social interaction (mirror-approaching behavior), and schooling behaviors (figs. S5 to
